Functionalized graphene is a versatile material that has well-known physical and chemical properties depending on functional groups and their coverage. However, selective control of functional groups on the nanoscale is hardly achievable by conventional methods utilizing chemical modifications. We demonstrate electrical control of nanoscale functionalization of graphene with the desired chemical coverage of a selective functional group by atomic force microscopy (AFM) lithography and their full recovery through moderate thermal treatments. Surprisingly, our controlled coverage of functional groups can reach 94.9% for oxygen and 49.0% for hydrogen, respectively, well beyond those achieved by conventional methods. This coverage is almost at the theoretical maximum, which is verified through scanning photoelectron microscope measurements as well as first-principles calculations. We believe that the present method is now ready to realize 'chemical pencil drawing' of atomically defined circuit devices on top of a monolayer of graphene.
INTRODUCTION
Because functionalized graphene has distinguished physical 1 and chemical properties depending on functional groups 2 and their coverage, 3 it can be widely used for electronic, 4 chemical, 5 biological, 6 and optical 7 devices. Generally, chemical modifications are widely attempted in order to alter graphene's novel functionality. [8] [9] [10] [11] [12] [13] However, conventional chemical modifications cannot selectively control functional groups on a well-defined target area. Moreover, it is important to fabricate freshly modified graphene with a low concentration of charge-scattering centers, which are usually induced by conventional fabrication or patterning methods. 14 It has been reported that atomic force microscopy (AFM) lithography 15 can provide suitable methods of nanoscale chemical modification on a pristine graphene without any conventional source of surface contamination such as poly (methyl methacrylate). Because of its clean surface, the methods can be used for characterizing intrinsic chemical structures. If we verify the effect of voltage applied on derived functional groups during the modification, we can obtain an important tool to manipulate the chemical structures of modified graphene on the nanoscale with a controllable parameter.
Among surface-sensitive techniques, X-ray photoemission spectroscopy (XPS) has been used for analyzing surface chemical composition and bonding. However, it is difficult to understand the local functional groups of modified graphene on the nanoscale 16 because the minimum analysis area ranges from 10 to 200 mm 2 (spot size). 17 A scanning photoelectron microscope (SPEM) equipped with scanning and focused X-ray of 200 nm 2 (spot size) is a powerful tool to investigate the local chemical structure. In this report, SPEM data for graphene oxidized by AFM lithography reveal a strong dependence of the ratio among functional groups (hydroxyl (C-OH), epoxy (C-O-C) and carbonyl (C ¼ O)), and total oxygen coverage (up to 94.9%) on voltage applied during AFM lithography. Oxygen-containing functional groups on monolayer graphene can be almost removed by thermal annealing at 700 K in an ultra-high vacuum of 10 À9 Torr. The coverage of the hydrogen functional group can be raised up to 49.0% by AFM lithography and be fully removed by ultra-high vacuum annealing. Furthermore, first-principles calculations support important experimental results, such as selective control of functional groups depending on the applied voltage or number of layers, irreversible oxidation of multilayer graphene and the maximum coverage of oxidation and hydrogenation. Our results reveal that AFM lithography is a simple method to design graphene nanodevices with controlled hydrogen-or oxygen-containing functional groups.
MATERIALS AND METHODS
Graphene layers were prepared by the standard exfoliation method 15 as introduced in other papers, on thermally grown 300-nm-thick SiO 2 on a Si substrate. The graphene layers were identified by their color contrast under an optical microscope followed by thickness measurements using AFM and Raman spectroscopy.
The AFM lithography was performed at normal temperature and pressure by a contact-mode AFM (Nanofocus n-Tracer AFM system (Nanofocus, Seoul, Korea) and Parks System XE-100 (Park systems, Seoul, Korea)). 15 A Si cantilever with a Pt/Ir-coated conductive tip (Point Probe series, NANOSENSORS, Neuchatel, Switzerland) was used to apply a local dc bias voltage between a graphene sample and the conductive AFM tip. The spring constant and resonance frequency were set to 0.2 N m À1 and 13 kHz, respectively. The relative humidity was maintained at around 30%, because it is very difficult to fabricate uniform and regular patterns on graphene under higher humidity condition where graphene is readily deformed. To avoid surface contamination from resist residues, electrode contact pads were formed using colloidal silver paste (TED PELLA, Redding, CA, USA), instead of the conventional electron beam lithography technique. 14 To avoid the evaporation of silver paste, processing temperature of our sample was limited to 700 K.
The Raman spectra were obtained from locally modified squares (3 Â 3 mm 2 ) with a micro-Raman system using the 514.5-nm line of an Ar ion laser as the excitation source. Other experimental details have been previously reported. 18 SPEM measurements and micro-XPS were carried out at the U5 undulator beamline at the synchrotron radiation research center in Hsinchu, Taiwan, and 8A1 beamline of the Pohang Light Source, Pohang, South Korea. The detailed specifications of each beamline can be found in previous publications. 19, 20 In both of the beamlines, a wide range of photon energy from 250 to 800 eV is available to collect photoelectrons from the sample using a hemispherical sector electron analyzer with multichannel detection (MCD) capability. The two-dimensional maps are obtained by scanning the sample with respect to the beam. The MCD scheme allows one to monitor different kinetic energies simultaneously. In the imaging mode, the sample is raster-scanned with respect to the photon beam, and the photoelectrons emitted from the beam spot on the sample are synchronously collected. Each pixel of the image corresponds to the intensity of the photoelectron signal at a particular place on the sample surface. The image represents the distribution of the photoelectron yield related to a specific chemical element, which is a measure for its local concentration. In addition, binding energy shifts can be used for mapping chemical states of each element on the sample surface. With the MCD capability, images of several different chemical states can be obtained in one scan, which can reduce the acquisition time drastically. The other mode of an SPEM system is photoemission spectroscopy from a small spot area, called micro-XPS. It is a detailed photoemission spectroscopic analysis of selected 
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areas, where the SPEM images show particularly interesting features. However, any unintentional charge accumulations on insulator can lead to an appreciable peak shift and misinterpretations. To avoid unintentional charge accumulation, which can be induced in the functionalized graphene area or the SiO 2 substrates by highly focused X-ray beam during SPEM measurement, we carefully prepared the ground electrode that is located outside the graphene. After cautious measurements with different incident beam intensities, we could confirm that the measured spectra were reproducible, and could exclude the possibility of peak shifts induced by the charging effect.
RESULTS AND DISCUSSION
As shown in the inset of Figure 1 , we have oxidized graphene on the nanoscale using AFM lithography with a positive-dc bias voltage 15 (positive AFM lithography) and scan speed of 0.1 mm s À1 , which is chosen because non-uniform patterns are easily formed at higher scan speed. It is expected that oxides grow on graphene, which acts as an anode. In order to study the bias voltage effect, we oxidized areas (3 Â 3 mm 2 ) with three bias voltages ( þ 5 V, þ 7 V and þ 10 V) on monolayer (1LG), bilayer (2LG) and trilayer graphene (3LG), respectively, which were exfoliated mechanically on a SiO 2 /Si substrate. We can distinguish the nine oxidized areas from the pristine ones in the obtained optical microscope, friction force microscope and topographic AFM images (Figures 1a-f) . The graphene oxidized with þ 5 V shows a height of 1.0 nm, whereas those oxidized with þ 7 V and þ 10 V reveal nearly saturated thickness of 1.6 nm from the pristine one. We confirm the number of graphene layers by using Raman spectroscopy. In pristine 1-3LG, two prominent peaks (G and 2D) 21 are clearly shown near 1580 and 2680 cm -1 (Figures 1g-i) , respectively. However, after oxidation, Raman D, D 0 and D þ D 0 peaks appear near 1350, 1630 and 2940 cm -1 , respectively, which are observed in sp 3 or disordered carbon networks 22 but not observed in pristine graphene. Oxidation of graphene is demonstrated by these defect-induced Raman peaks, 15 which are involved in symmetry broken A 1 0 vibrational mode and cause the decreases of the 2D band's intensity in oxidized graphene. 15 However, the Raman spectra do not provide information about the atomistic structures of the graphene oxidized by AFM lithography.
To investigate the functional groups induced by the positive AFM lithography, we have performed micro-XPS measurements using an SPEM system (Supplementary Figures S1 and S2) . Figures 2a-c show the C 1s spectra obtained after preannealing treatment at 500 K and the fitting results of pristine and oxidized 1-3LG, respectively, formed by positive AFM lithography using þ 5 V, þ 7 V and þ 10 V (Supplementary Figure S3) . For a quantitative approach, the area percentage, the normalized area ratio and the oxygen coverage are also calculated from the fitting results for the corresponding XPS spectra (Supplementary Figures S4 and S5) . Energetics for such oxidation is obtained by first-principles calculations using the density functional theory, whose details are described in the Supplementary Information. 
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For 1-3LG oxidized with þ 5 V, there are only two peaks (sp 2 C-C and C-OH): the area and intensity of sp 2 C-C are almost equal to those for pristine 1-3LG; considerable C-OH bonding is generated by the hydration of C-O-C groups (Figures 3b and c) in the presence of water similar to the reoxidation of reduced graphene oxide. 23 For 1LG, the energetic favorability of this process at a lower level of graphene oxidation corresponds with the transformation of all C-O-C groups to C-OH (Supplementary Figure S12) . In particular, the formation energy of the C-OH groups for 2LG is higher than that for 1LG and 3LG.
For 1-3LG oxidized with þ 7 V, the areas of sp 2 C-C peaks are significantly reduced, C-OH peaks are slightly reduced and two additional oxygen-containing bonds (C-O-C and C ¼ O) appear. We can argue that many sp 2 C-C bonds are broken by an external bias of þ 7 V and transformed into oxygen-containing bonds leading to a high oxygen coverage. For 1LG, the appearance of C-O-C bonds implies that the energies required for the transformation of C-O-C to C-OH 24 are increasing with oxygen coverage (Figures 3e and f) . Another effect of high oxygen coverage is the decreased energies required for the formation of vacancies on graphene, which are accompanied by the formation of carbon dioxide molecules (Figure 3d ) and further passivation of dangling bonds with the formation of C ¼ O groups (Figure 3g) .
For 1-3LG oxidized with þ 10 V, the area of the oxygen-containing bonds generally increases, whereas that of sp 2 C-C is reduced. For 1LG, a significant increase in the C ¼ O peak can be explained by the formation of more vacancies, which result from lower formation energies and are readily passivated by oxygen atoms (Figures 3h-j) .
Remarkably, we observe high oxygen coverages of 2LG (94.9%) 43LG (91.5%)41LG (88.1%) oxidized by positive AFM lithography using þ 10 V, which are significantly higher than that of graphene oxidized by the Hummers method 8 (79.0%). Because of the previously reported relation between oxygen coverage and the reduction of graphene oxide, 25 our highly oxidized graphene is expected to maintain a more regular carbon framework 25 after reduction than graphene oxidized by the Hummers method. 8 The accessibility of oxygen ions to lower layers of graphene can be realized by perforation of the top layer, which was previously reported. 26, 27 Our calculation (Supplementary Figure S12) demonstrates that for 1LG, the energy of oxidation is lower than that of vacancy formation for all levels of oxygen coverage. However, for 2LG and 3LG, the activation of vacancies on graphene can become energetically more favorable than further oxidation at a medium level of oxygen coverage. These results successfully elucidate a tendency to the formation of the perforations in the top layer, and oxidation of the second and further layers. Graphene samples with different numbers of layers show different amounts of the C-OH bond induced by þ 5 V: small, colossal and significant amounts on 1LG, 2LG and 3LG, respectively. These results can be explained by the different energetics of C-O-C and C-OH formation (Supplementary Figure S12) . In the cases of multilayers, especially 2LG, formation of the C-OH bond on the oxidized top layer could also occur at a very high level of oxidation, whereas it is energetically unfavorable for significantly oxidized 1LG (Figures 3f and i) . We should note that our first-principles calculations also reveal the possibility of totally oxidized graphene with the employment of C-O-C bonds caused by the low energy costs of this process independently from the number of layers (Figures 3b, e and h) .
Figures 2d-f show the change in the C 1s spectra of pristine and oxidized 1-3LG after additional annealing at 700 K. The sp 2 C-C peak of all oxidized 1LG is significantly enhanced, and two peaks (C-O-C and C ¼ O) almost disappear, which can be explained by the healing of graphene 28 through the decomposition of CO 2 , similar to its recently reported employment for graphene growth, 27 whereas the C-OH peak at þ 10 V still remains with significant intensity. We also confirmed AFM, friction force microscope and conductive AFM images on recovered 1LG (Supplementary Figure S6) . Thus, we can argue that 1LG oxidized using low voltage returns nearly to the pristine 1LG through vacuum annealing at a temperature higher than 700 K. First-principles calculations also demonstrate the possibility of the removal of all oxygen atoms of one-sided graphene oxide because of the low binding energy between adatoms and the carbon substrate. Moreover, the combination method of vacuum annealing and photon-irradiation treatments seems to allow for further reduction and recovery of graphene oxidized by AFM lithography (Supplementary Figure S7) . accompanied by further passivation of vacancies (g, j) using formation of C ¼ O groups (blue circles).
After annealing at 700 K, the C 1s spectra of 2LG do not show a large change, compared with that of 1LG. Furthermore, the spectra of 3LG exhibit little change. The irreversible oxidation of 2LG and 3LG can be explained by the protective coating of the top-most graphene. 29 The top-most layer of oxidized 2LG and 3LG can return partly to the pristine one by thermal effects and can be a protective film that hinders the penetration of gas molecules. If thermal reduction is induced at a lower layer of oxidized graphene, and oxygen gas is generated, then the local partial pressure of oxygen gas at the region between adjacent layers increases because of the protection of the top-most layer, and thus the following reduction is significantly suppressed. For oxidation, graphene oxidized using the conventional Hummers method 8 has contained various oxygencontaining functional groups, which have not been selectively controlled on the nanoscale yet. 30 By using positive AFM lithography, we can control the C-OH, C-O-C and C ¼ O bonds at the surface of graphene. Because these oxygen-containing functional groups may affect the electrical (electrical properties of oxidized 1LG, Supplementary Figure S11a) , chemical and optical properties [1] [2] [3] [4] [5] [6] [7] [8] of oxidized graphene, positive AFM lithography can pave the way to designing graphene devices with controlled oxygen-functional groups.
Similar to the oxidized graphene, we have also hydrogenated 1LG on the nanoscale using negative AFM lithography, where a negative dc bias voltage is applied to the graphene 15 ( Supplementary Figures S8  and S9 ). Because the hydrogen atom is prone to evaporate at 500 K, the hydrogenated 1LG was not preannealed at 500 K. Figure 4a shows the XPS C 1s spectra of pristine and the three hydrogenated 1LG, which are taken using SPEM. Figure 4b shows the hydrogen coverage (area of sp 3 (C-C or C-H) divided by sum of areas for all the carbon bonds), which is estimated as 32.2%, 36.0% and 40.1% for 1LG hydrogenated with biases of À6 V, À8 V and À10 V, respectively. Furthermore, the hydrogen coverage can be increased to 49.0% on 1LG by using a higher bias of À20 V. This implies that negative AFM lithography leads us to controlled hydrogen coverage on 1LG, which can reach a coverage higher (49.0%) than that induced by plasma treatment (16.6%). 9 After annealing at 500 K, hydrogenated graphene returns to a pristine one (Supplementary Figure S10) , implying that hydrogen atoms can be completely dissociated by such thermal treatment.
For the hydrogenation process in modeling, we calculated the energies required for both adsorption of hydrogen atoms originating from decomposed molecular hydrogen 31 and desorption of hydrogen atoms from partially hydrogenated 1LG (Supplementary Figure S13) . Our calculation demonstrates that one-sided hydrogenation should induce the formation of 'stripe-like' patterns (Supplementary Figure S13c) and will be stable for hydrogen concentrations below 44% (Figure 4c ). Further hydrogenation requires significantly higher energies and induces unstable structures due to the desorption of hydrogen atoms. The obtained level of hydrogenation is in good agreement with experimental results and corresponds with the insulator structure (calculated band gap is 1.7 eV). Because the band gap of hydrogenated 1LG depends on hydrogen coverage, 32 we can engineer the electronic structure of hydrogenated 1LG in a wider range and enhance its applications in electronics (electrical properties of hydrogenated 1LG, Supplementary Figure S11b ) and photonics by introducing negative AFM lithography.
In summary, we were able to manipulate the species and quantity of oxygen-containing and hydrogen-containing functional groups on the nanoscale by simply controlling the applied voltage during AFM lithography. Coverage of 94.9% for oxygen and 49.0% for hydrogen on graphene was achieved. 1LG modified by such AFM lithography can be almost completely recovered using ultra-high vacuum (a) X-ray photoemission spectroscopy (XPS) C 1s spectra of pristine and hydrogenated (using À6, À8, À10 and À20 V) 1LG with calculated C 1s energies of sp 2 C-C and sp 3 (C-C or C-H) before ultra-high vacuum (UHV) annealing for 2 h at 500 K. The three hydrogenated 1LG samples reveal C 1s spectra fitted with two peaks: the main peak located at 284.5 eV with full width at half maximum (FWHM) of 1.05 eV is assigned to sp 2 C-C peak in 1LG; the other peak at a higher binding energy (BE) with core-level shifts of 0.7 eV is assigned to that of sp 3 (C-C or C-H, 33 or surface contamination on SiO 2 annealing at 700 K. Furthermore, these experimental features were confirmed by first-principles calculations. Therefore, AFM lithography can provide a simple method to selectively control functional groups and thus the physical or chemical performance of graphene, leading to the development of graphene-based nanoscale devices. 
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